We demonstrate that freeform fabricated (FFF) scaffolds with a roughened surface topography can support hBMSC proliferation, while also inducing osteogenic differentiation, for maximized generation of calcified, bone-like tissue. Previously, hBMSCs rapidly proliferated, without osteogenic differentiation, during culture in FFF scaffolds. In contrast, hBMSCs underwent osteogenic differentiation, with slow proliferation, during culture in nanofiber scaffolds. Analysis of cell morphology showed that the topography presented by the nanofiber scaffolds drove hBMSC differentiation by guiding them into a morphology that induced osteogenic differentiation. Herein, we hypothesized that using the highsurface area architecture of FFF scaffolds to present a surface roughness that drives hBMSCs into a morphology that induces osteogenic differentiation would yield a maximum amount differentiated hBMSCs and bone-like tissue. Thus, a solvent etching method was developed that imparted a 5-fold increase in roughness to the surface of the struts of poly(ε-caprolactone) (PCL) FFF scaffolds. The etched scaffolds induced osteogenic differentiation of the hBMSCs while un-etched scaffolds did not. The etched scaffolds also supported the same high levels of hBMSC proliferation that un-etched scaffolds supported. Finally, hBMSCs on un-etched scaffolds had a large spread area, while hBMSCs on etched scaffolds has a smaller area and were more rounded, indicating that the surface roughness from the etched scaffolds dictated the morphology of the hBMSCs. The results demonstrate that FFF scaffolds with surface roughness can support hBMSC proliferation, while also inducing osteogenic differentiation, to maximize generation of calcified tissue. This work validates a rational approach to scaffold fabrication where the structure of the scaffold was designed to optimize stem cell function by controlling cell morphology.
Introduction
Tailoring the properties of three-dimensional (3D) scaffolds to enhance tissue regeneration is a primary goal in the field of tissue engineering [1] . Scaffold chemistry [2, 3] , biofunctionalization [4, 5] , mechanics [6, 7] and structure [8, 9] are key in determining cell response to scaffold designs. In regard to structure, it is wellestablished that surface topography from the micro-to the nanoscale can influence cell behavior. For orthopaedic applications, topographical cues can induce osteoprogenitor cell [10, 11] and mesenchymal stem cell [8, 9] osteogenesis. Using scaffold structure to control cell function is also an attractive approach in regard to scaffold cost and stability. Scaffold devices functionalized with biomolecules or loaded with growth factors are expensive to manufacture and have reduced shelf-life. The inclusion of biomolecules or growth factors in a device can also significantly increase the regulatory burden. In the U.S.A., it costs an estimated $24 million in regulatory costs to bring a low-to-moderate risk medical device to market via the 510(k) process, while it costs $75 million to bring a higher risk device to market via the pre-market approval route [12] . Further, the U.S.A. is in a healthcare cost crisis where medical care consumes 17% of the gross domestic product [13] . Thus, development of a stable, inexpensive, scaffold with a low regulatory burden, whose physical structure can be tuned to direct tissue regeneration, would be a major advance for the field.
In previous work [9] , many types of scaffolds were systematically screened for their ability to support proliferation and differentiation of primary human bone marrow stromal cells (hBMSCs).
hBMSCs are a population of cells isolated from bone marrow that contains adult skeletal stem cells that can differentiate into bone, fat and cartilage [14e16] . It was observed that FFF scaffolds, which have an open pore structure, supported the fastest hBMSC proliferation but did not induce osteogenic differentiation [9] . In contrast, hBMSC proliferation was slow on electrospun nanofibers, but the nanofibers scaffolds induced hBMSC osteogenic differentiation. The structure of the nanofiber scaffolds guided hBMSCs to adopt morphologies that drove them towards osteogenic differentiation. Combining properties of FFF and nanofiber scaffolds would yield hybrid scaffolds that could simultaneously support hBMSC proliferation and drive osteogenic differentiation, in order to generate a maximum amount of bony tissue (Fig. 1) . Thus, we developed a solvent etching method to generate surface roughness on the struts of FFF scaffolds. We hypothesized that the surface roughness of the scaffold struts would drive the hBMSCs into morphologies that would induce osteogenic differentiation. Further, we hypothesized that the high-surface area architecture of the FFF scaffolds would provide a high amount of roughened surface for generating a maximal amount of differentiated hBMSCs.
The same FFF scaffold design used previously [9] was used in the current work. The FFF scaffolds were fabricated by precision extrusion deposition using poly(ε-caprolactone) (PCL) [17] and were subsequently solvent-etched to create surface roughness. Herein, un-etched and etched scaffolds were characterized structurally and evaluated for their ability to support hBMSC proliferation and osteogenic differentiation.
Methods

Freeform fabricated (fff) scaffolds and solvent etching
Disc-shaped freeform fabricated (FFF) scaffolds (5 mm dia., 2 mm height, in 96-well plates) made by precision extrusion deposition [17] were purchased from 3D Biotek and used as received for un-etched scaffolds. As described previously [9] , average scaffold strut diameter was 0.288 mm (S.D. was 0.029 mm), strut spacing was 0.491 mm (S.D. was 0.039 mm), scaffold porosity was 66% (S.D. was 1%) and there were 6 layers of struts in each scaffold. Scaffolds were etched in solvent to impart surface roughness to the struts. For etched scaffolds, scaffolds were placed in 5 mL round bottom glass tubes with 1 mL of etching solvent (10% by volume dichloromethane and 90% by volume acetone) for 30 s. After 30 s, etched scaffolds were immersed in 2 mL acetone for 60 s, air-dried and stored in desiccators. Scaffolds were examined by scanning electron microscopy (SEM) to observe surface morphology. Scaffolds were sputter-coated with gold for 90 s and imaged (SEM, 15 kV, Hitachi s-4700-II FE-SEM).
Interferometry to assess roughness
An interferometric optical profilometer was used to image and measure the surface roughness of scaffold struts (Zygo NewView 7300, 50Â Mirau objective with a 2Â magnifier lens under white light) [18, 19] . Measurements were made on 5 unetched and 5 etched scaffolds, 2 struts per scaffold and 5 measurements per strut. Each measurement was from a 0.050 mm line that was parallel to the strut (so that strut curvature would not contribute to the measurements). Each strut from each scaffold was leveled by maximizing the spread of fringes across the surface. Arithmetic average roughness (R a ) and root mean squared roughness (RMS) were calculated. Data was acquired and analyzed using MetroPro 8.3.3 software with the minimum vertical interferometric modulation of the correlogram set to 3, which was demonstrated to ensure accuracy while acquiring maximum reflected data for measurements. Tilt controls were conducted of overlapping measurements to confirm that features remain unaltered. Since poly(ε-caprolactone) (PCL) scaffolds
+ Ideal Scaffold for Bone?
The smooth struts of freeform fabricated scaffolds drive hBMSCs into a wellspread morphology that enhances hBMSC proliferation (without inducing osteogenic differentiation). The high surface area of the freeform fabricated scaffolds provides a high amount of space for the cells to proliferate.
Nanofiber Scaffold Freeform Fabricated Scaffold
The topography of nanofiber scaffolds drives hBMSCs into a an elongated, highly branched morphology that induces osteogenic differentiation but supports slow proliferation.
We hypothesize that an ideal scaffold will be a freeform fabricated scaffold with surface roughness on the struts that drives the hBMSCs into a morphology that induces osteogenic differentiation. The freeform fabricated structure will provide a high amount surface roughened area for hBMSCs to differentiate. The goal of the current work was to create a freeform fabricated scaffold with a roughened topography on its struts that would induce osteogenic differentiation to generate a maximum amount of bone-like tissue. We hypothesized that a freeform fabricated (FFF) scaffold that had a surface topography on its struts, that drove hBMSCs into a morphology that would induce osteogenic differentiation, could achieve this goal.
are semi-transparent and susceptible to producing multiple interferometric fringes for a single location, correlogram interpretation was controlled for measurement artifacts and raw interferogram acquisitions were monitored to ensure measurements were not compromised by multiple fringe conflict.
Cell culture
Scaffolds were placed in 96-well polystyrene plates (non tissue-culture treated) for cell culture experiments. Scaffolds were sterilized by ethylene oxide (Anderson [14] . For seeding scaffolds, hBMSCs (80% confluent) were dissociated with 0.25% mass fraction trypsin [containing 1 mmol/L ethylenediaminetetraacetate (EDTA)] and re-suspended in medium. Passage 5 hBMSCs were used for all experiments. hBMSCs (5000 in 0.02 mL of medium) were placed on scaffolds in a droplet and allowed to adhere for 2 h before adding 0.2 mL of medium to fill each well. Medium was changed twice per week and hBMSCs were cultured 
Alizarin red staining
For Alizarin red staining, cells on scaffolds were fixed with 3.7% formaldehyde for 24 h at 37 C and then stained with Alizarin Red S (10 mg/mL) for 1 h. Scaffolds were washed 5 times with deionized water to remove excess stain and air-dried. Digital images of stained scaffolds were acquired using a stereomicroscope. Alizarin red experiments were performed with three scaffolds per treatment (n ¼ 3).
Osteocalcin ELISA
Levels of osteocalcin protein were measured by ELISA (enzyme-linked immunosorbent assay, BTI, BT-460) [7] . At indicated time points, scaffolds cultured with cells were rinsed with PBS and frozen until assay. For ELISA assay, thawed scaffolds were incubated in 0.5 mL of 0.5 mol/L HCl for 30 min at 37 C. After 30 min, the pH was neutralized with NaOH (1 mol/L) and amount of osteocalcin in extracts was measured by ELISA according to manufacturer's protocols. A standard curve using control osteocalcin was used to determine concentration. Osteocalcin ELISAs were performed with three scaffolds per treatment (n ¼ 3).
Picogreen DNA assay
The Picogreen DNA assay was used to quantify cell numbers in the scaffolds [20] . Scaffolds were washed with PBS (phosphate-buffered saline) and then incubated with lysis buffer (PBS with 0.175 U/mL Papain and by 14.5 mmol/L L-cysteine) for 18 h at 60 C. After incubation, 0.1 mL of lysate was transferred to a clean 96-well plate and diluted with 0.1 mL of Picogreen reagent (Invitrogen, diluted as per manufacturer's protocol). Fluorescence (excitation 485 nm, emission 538 nm) was measured using a plate reader. A DNA standard curve was generated using known DNA concentrations to calibrate readings.
Doubling time for hBMSC division was calculated using Picogreen DNA data for un-etched and etched scaffolds from all four time points (1 d, 7 d, 21 d, 62 d). Doubling times were determined by plotting the natural log of the DNA amount versus time. Plots were fit by least squares linear regression to determine slope and doubling times were calculated by the following equation: doubling time ¼ ln (2)(1/slope). For comparison, doubling times for different types of scaffolds were calculated using data from a previous study [9] and these data are presented in the Results section.
Confocal microscopy and cell morphology analysis
Cells on scaffolds were fixed with 3.7% formaldehyde (mass/volume in PBS buffer) for 15 min, washed in PBS and permeabilized with 0.2% by mass Triton X-100 for 5 min. Samples were rinsed with PBS and stained (1 h) with Alexa Fluor 546 phalloidin (20 nmol/L in PBS) and Sytox green (100 nmol/L in PBS buffer) to stain for F-actin and nuclei, respectively (Invitrogen). Confocal microscopy (Leica SP5) was used to image hBMSCs using air-dried samples.
Image Z-stacks were captured with a 20 Â /0.70 objective (0.5 mm z-step size) for nuclei (Sytox green) and actin (Alexa Fluor 546 phalloidin). Three specimens were prepared for each treatment and several hBMSCs were imaged for each specimen.
Cell morphology analysis was performed using ImageJ software. Sytox green staining of nuclei ensured that hBMSC morphology was assessed for single cells that were not touching other cells (only one nucleus per object). Alexa Fluor 546 phalloidin-stained actin images were used to assess hBMSC morphology. The "Untilt Stack" plugin for ImageJ was used to position the hBMSCs in 3D space [21] so that the projected area was maximized. This was necessary since hBMSCs were adherent to the scaffold struts which were curved and the majority of hBMSCs were not were positioned directly on top of the struts (from the perspective of the microscope objective). Confocal Z-stack projections were constructed to project the cell area into two dimensions and thresholding was performed to yield binary images. ImageJ was used to calculate cell area, perimeter, aspect ratio, roundness and circularity. 
Results
We hypothesized that FFF scaffolds with surface roughness on their struts could enhance osteogenic differentiation of hBMSCs by altering cell shape. PCL FFF scaffolds were immersed in solvent to partially erode the strut surfaces giving them a roughened surface morphology. Scanning electron micrographs (Fig. 2) show the difference in the surface roughness of un-etched and etched scaffolds. The surface roughness was quantified using interferometric optical profilometry, which showed that the struts of etched scaffolds were 5Â rougher than un-etched scaffolds (Fig. 3) . Unetched scaffolds had struts with an average surface roughness (R a ) of 0.2 mm, while solvent etching increased the surface roughness for etched scaffolds to 1.1 mm.
When cultured in the absence of osteogenic supplements, etched scaffolds induced hBMSC osteogenic differentiation while un-etched scaffolds did not. Etched scaffolds caused hBMSCs to calcify their matrix at 62 d culture (Fig. 4) and calcification is a standard marker for osteogenesis and osteogenic differentiation. Controls using scaffolds without hBMSCs did not mineralize, indicating that the mineralization was mediated by the hBMSCs and was not a result of non-specific calcium precipitation. In additional controls where osteogenic supplements were included in the medium, hBMSCs mineralized both un-etched and etched scaffolds indicating that both types of scaffolds could support hBMSC osteogenic differentiation under the appropriate conditions.
Osteocalcin expression was measured as a second marker for osteogenic differentiation [22] (Fig. 5) together, these results indicated that the surface topography on the etched scaffolds drove hBMSCs to synthesize a calcified matrix that contained osteocalcin, whereas the un-etched scaffolds did not.
Proliferation of hBMSCs on scaffolds was measured using the Picogreen assay to measure DNA levels (Fig. 6) . DNA levels increased significantly over time for both un-etched and etched scaffolds. In addition, there were no significant differences between un-etched and etched scaffolds for DNA levels at any time points. These results indicate that hBMSCs proliferated on both types of scaffolds equally well.
DNA measurements in Fig. 6a were used to calculate the doubling times plotted in Fig. 6b . For comparison, results from a previous study [9] are also plotted in Fig. 6b where hBMSCs were cultured on a variety of PCL scaffolds and their proliferation was measured. Fig. 6b shows that in the previous study [9] hBMSCs had the lowest doubling time (fastest proliferation) during culture on un-etched FFF scaffolds. The results from the current work showed that both etched and un-etched FFF scaffolds supported faster doubling times than was seen for other types of scaffolds in the previous work (Fig. 6b ). These data demonstrate that etched FFF scaffolds supported fast hBMSC proliferation in addition to inducing hBMSC osteogenic differentiation. The ability of etched scaffolds to induce hBMSC osteogenic differentiation was further investigated to determine a potential mechanism. Since, previous work demonstrated a tight link between cell morphology and cell function [23e25], hBMSC morphology was assessed. hBMSCs assumed a smaller spread area and were more rounded during culture on etched scaffolds as compared to un-etched scaffolds (Fig. 7) . hBMSCs on etched scaffolds had a significantly smaller spread area, smaller perimeter, smaller aspect ratio, higher circularity and higher roundness than hBMSCs on un-etched scaffolds (P < 0.05) (Fig. 8) . These results suggest that roughness on the struts of the etched scaffolds drove the hBMSCs into a less-spread, more rounded morphology that guided them towards osteogenic differentiation.
Discussion
There is strong evidence for a link between cell shape and cell function [23e25] in hBMSCs [9,26e28] . hBMSC differentiation down an osteogenic or adipogenic lineage can be controlled by cell shape [26] and induction of osteogenic differentiation using biochemical supplements causes distinct changes in hBMSC morphology [27] . Combining the current results and previous results [9] in Fig. 9 , we have evaluated 5 treatments for hBMSC proliferation, osteogenic differentiation and cell shape. The two treatments that lead to a well-spread hBMSC morphology (spuncoat films and un-etched FFF scaffold struts) caused fast cell proliferation but no osteogenic differentiation. The other 3 treatments (nanofiber scaffolds, 'spun-coat films with osteogenic supplements' and etched FFF scaffolds) caused smaller cell areas (Fig. 9 ) and lead to osteogenic differentiation. Previous reports [23e25] generally support the notion that well-spread cells with large areas tend to proliferate and that cells with smaller spread areas tend to differentiate. The results in Fig. 9 agree in that the treatments with large cell spread areas (spun-coat films and unetched FFF scaffolds) did not differentiate and the treatments with small cell spread areas (nanofiber scaffolds, spun-coat films Fig. 9 . Summary graphic for effect of scaffold structure on hBMSC proliferation, osteogenic differentiation and cell shape, during culture on 5 different substrates. Data in the graphic comes from the current work and Kumar et al. [9] .
with osteogenic supplements and etched FFF scaffolds) did differentiate. However, there were exceptions to the generality: hBMSCs on 'spun-coat films with osteogenic supplements' and on 'etched FFF scaffolds' had a small cell area but underwent both osteogenic differentiation and high proliferation. These results suggest that there are more lessons to be learned regarding the relationships between scaffold structure, cell shape and cell function.
For the current work, it is interesting to consider if hBMSCs sensed strut curvature (Fig. S1) . At low magnification, FFF scaffolds struts appeared as "logs" stacked at 90 angles (Fig. S1c) . However, the struts appeared as flat surfaces when viewed at the length-scale of an hBMSC. An adherent hBMSC on a flat surface was 0.1 mm across while an FFF scaffold strut was 0.288 mm in diameter. Using these values and the principles of trigonometry, the Z-depth experienced across the cell body of an hBMSC that was adherent to a scaffold strut can be calculated and was 8.6 mm (Fig. S1) . hBMSCs tended to align with the long axis of the un-etched struts indicating that they sensed the strut curvature (Fig. 7, Fig. S1 ). Even though hBMSCs were "aware" of un-etched strut curvature, they still behaved like they were on a flat surface since they attained a wellspread morphology, proliferated quickly and did not differentiate (Fig. 9) .
In contrast, hBMSCs did not align with the long axis of the struts for etched FFF scaffolds. hBMSC spread areas were much smaller on etched scaffolds which means they felt less of a change in Z-depth from the strut curvature. For a simple calculation, assume that the diameter of hBMSCs on etched scaffolds was half that of un-etched scaffolds (this is reasonable based on the hBMSC images in Fig. 7) , which means that the Z-depth experienced across the cell body of an hBMSC on an etched strut was half (4.3 mm) that of un-etched struts (8.6 mm). The 4.3 mm change in Z-depth due to strut curvature for etched scaffolds is within the range of Z-depth that the hBMSCs will experience due to the roughness from the etching. The profilometer Z-trace made parallel to the long axis of an etched FFF scaffold strut had a Z-depth range of 5 mme6 mm (Fig. 3c) . Thus, hBMSCs probably did not align with the long axis of the struts in etched FFF scaffolds because the strut curvature was masked by the surface roughness induced by the etching.
Ma's group has also imparted surface roughness to struts in FFF scaffolds [29, 30] . A reverse fabrication approach using negative molds created 3D scaffolds with struts and a phase separation approach was used to generate surface roughness on the struts. The scaffolds with increased strut roughness enhanced proliferation and osteogenic differentiation of MC3T3-E1 murine osteoblasts. In addition, a reverse fabrication with phase separation was used to make sphere-templated scaffolds with and without roughness on the scaffold pore walls. The scaffolds with roughened pore walls enhanced proliferation and odontogenic differentiation of human dental pulp stem cells both in vitro and in vivo (mouse subcutaneous model). Morphology of the adherent osteoblasts or dental pulp stem cells was not evaluated in either of these reports. Ma and colleagues observed increased adsorption of cell adhesive proteins (fibronectin, vitronectin) to the roughened scaffolds which they suggested enhanced differentiation [31] . They also proposed that transport of nutrients and waste was improved on the roughened scaffolds which caused the observed increase in cell differentiation.
Jamison and colleagues also modified the surface roughness on scaffold struts by making calcium phosphate FFF scaffolds with strut micropores [32, 33] . When these scaffolds were loaded with rhBMP-2 and implanted intramuscularly in pigs, bone only formed in scaffolds containing micropores [33] . The authors suggested that the strut micropores improved retention of rhBMP-2 within the scaffolds causing the increased osteogenesis. The micropores in the scaffold struts may also affect the morphology of adherent cells, though cell morphology was not assessed.
Conclusions
A solvent etching approach was used to create FFF scaffolds that had roughened surface struts that guided hBMSCs into a morphology that induced osteogenic differentiation. The etched scaffolds drove adherent hBMSCs into a smaller, more rounded morphology, whereas hBMSCs on un-etched FFF scaffolds attained a well-spread morphology with larger cell area. In addition to inducing osteogenic differentiation, the etched FFF scaffolds also supported a high rate of hBMSC proliferation. The results demonstrate a simple, inexpensive approach for making scaffolds with a structure that inherently induced osteogenic differentiation of hBMSCs. Further, this work validates a rational approach to scaffold design where the scaffold architecture was constructed to modulate stem cell function by controlling stem cell morphology. . The hBMSCs employed in this work were provided by the Tulane Center for Gene Therapy through a grant from NCRR of the NIH P40RR017447. The "standard deviation" (S.D.) is the same as the "combined standard uncertainty of the mean" for the purposes of this work. The content is solely the responsibility of the authors and does not necessarily represent the official views of NIH, NIBIB, NIDCR or NIST. This article, a contribution of NIST, is not subject to US copyright. Certain equipment and instruments or materials are identified in the paper to adequately specify the experimental details. Such identification does not imply recommendation by NIST, nor does it imply the materials are necessarily the best available for the purpose. 39.8˚
